Abstract. Studies using stable-isotope analysis to infer diet require a knowledge of how stable-isotope ratios in consumer tissues are related to dietary values. We determined 6°C and VN diet-tissue fractionation factors for blood, liver, muscle, bone collagen and feathers of domestic chickens (Gallus gullus), Japanese Quail (Coturnix juponica) and Ring-billed Gulls (Lams deluwarensis) and for blood and feather samples of adult Peregrine Falcons (Falco peregrinus) raised on known isotopic diets. In most cases tissues were enriched in 613C and VN compared to diet. However, fractionation values differed among species, diets, and tissue types and this variation must be considered in isotope dietary studies. We found little evidence that isotopic fractionation factors are influenced by age in adult birds and provide fractionation factors appropriate for granivores feeding in a C-3 biome and for higher trophic-level piscivores and carnivores. American Crows (Corvus bruchyrhynchos) raised on a perch diet grew faster and showed lower nitrogen diet-tissue fractionation values than crows raised on a plant-based diet. We suggest that nutritional stress caused substantial increases in diet-tissue fractionation values due either to: (1) mobilization and redeposition of proteins elsewhere in the body; or (2) amino acid composition changes in tissues.
INTRODUCTION
Stable carbon and nitrogen isotope analyses of plant and animal tissues are now recognized as powerful tools for investigating dietary patterns and trophic relationships within past and present ecosystems (reviewed by DeNiro 1987, Peterson and Fry 1987, Rundel et al. 1989 ). This technique is particularly suited to determining the relative contributions of two isotopically distinct sources of organic matter to the diets of consumers (e.g., Chisholm et al. 1982) and yields timeintegrated information of assimilated not just ingested foods (Tieszen et al. 1983 ). However, despite the potential of the stable-isotope technique to avian ecological studies, it has only recently been applied to studies of birds. For example, using measurements of stable-carbon isotope concentrations, Hobson (1987) A critical assumption implicit in the application of the isotope technique is that stable-isotope concentrations of consumer diets can be related to those of consumer tissues in a predictable fashion. The stable-carbon isotopic composition of the whole body of animals appears to be enriched in 13C relative to diet by about 1% (DeNiro and Epstein 1978, Fry et al. 1984) . Corresponding enrichment values for r5N appear more variable (Owens 1987) Tieszen and Boutton 1989) . This is of particular concern to ornithologists investigating dietary habits of wild birds using isotopic measurements.
We investigated stable-carbon and nitrogen isotopic fractionation values between diet and avian tissues for both domestic and captive-reared wild birds. We undertook this study to determine how these fractionation factors vary (1) among species; (2) in a piscivorous, carnivorous, and granivorous species; and (3) in response to nutritional stress.
METHODS
Our study was composed of three main parts. First, we raised domestic chickens (Gallus gallus) and Japanese Quail (Coturnix japonica) on commercial grain-based diets in order to determine how diet-tissue fractionation values may differ between species. Second, we raised Ringbilled Gulls (Lams deluwurensis) on a fish diet and obtained blood and feather samples from captive Peregrine Falcons (Falco peregrinus) raised on quail in order to establish fractionation values applicable to dietary studies of piscivorous and carnivorous birds. Finally, American Crows (Corvus brachyrhynchos) raised on diets causing normal and slow growth patterns were sampled opportunistically in order to investigate the effects of nutritional stress on isotopic enrichment patterns. In each case, birds were raised until the end of their growth phase before their tissues were analyzed isotopically. For this reason, ages of species examined differed slightly.
CHICKENS AND QUAIL
Eight chickens and five quail were each taken from captive stock that had been raised for several generations on commercial turkey starter. Experimental birds were each raised from hatch on known, homogenized batches of turkey starter for six weeks before being sacrificed for isotopic analysis. Birds were fed ad libitum and kept at 25°C under a 12 hr photoperiod. Samples of quail and chicken diets were sampled isotopically throughout the experiment (Table 1) .
GULLS AND FALCONS
Fourteen Ring-billed Gull chicks taken (under permit) from a colony at Reed Lake, Saskatchewan, approximately two days after hatch in June 1989, were brought into captivity and raised on a diet of perch (Perca Jlavescens) with vitamin supplements. Perch of a uniform size class were obtained from Smutz Lake, Saskatchewan, during May-July 1989, gutted and ground to a uni- Grain-based mix 6 form consistency using a Hobart Commercial grinder and then kept frozen. Blood and feather samples from three male and four female adult Peregrine Falcons raised from hatch for six to 14 years on an exclusive diet of quail were obtained for isotopic analysis. Quail fed to falcons were raised from hatch for six weeks on a commercial feed mixture (turkey starter) and were obtained from a single colony. Falcons ate primarily pectoral muscle from quail carcasses but some vicera were also consumed.
CROWS
Ten nestling American Crows, 10-l 5 days old, were taken from four nests near St. Denis, Saskatchewan (see Ignatiuk and Clark 199 l), during May-June 1989 and assigned, at random, to either a plant or perch diet (described above). The plant-based diet consisted of a single homogenized batch composed of ground wheat, ground soybean, bone meal, minerals, canola oil and gelatin. We felt that genetic variation in growth would be reduced by placing at least one sibling per family in each diet group. Crows were fed to repletion every l-2 hr during daylight. They were weighed every morning until 25 days old and then every 2-3 days thereafter. Crows were always weighed (using a Pesola scale to the nearest gram) before the first feeding to ensure that their gastrointestinal tracts were empty. Because crows were not raised from hatch on known diets we used them opportunistically only to examine the effects of nutritional stress on isotopic fractionation patterns. We did not consider it appropriate to use them for estimates of isotopic fractionation factors per se since we could not control for early nestling diet.
Gulls and crows were maintained in captivity in a ventilated, climate-controlled room (18-20°C) equipped with full-spectrum lighting. Both species were raised up to 60 days before being sacrificed for isotopic analysis. where X is ' )C or 15N and R is the corresponding ratio 13C/12C or lsN/14N. Rstandard for IC and 15N are the PDB standard and atmospheric nitrogen (AIR), respectively. Based on several hundred replications, standard deviations for carbon (lentil) and nitrogen (glycine) internal standards were 0. l' %m and 0.3%, respectively. For nitrogen, identical standard deviations (i.e., 0.3%) were found for pea and wheat grain standards and for a bone collagen standard (SFU-SIS-BO 1).
STATISTICAL ANALYSES
To test for the effects of diet on growth (body mass) of juvenile crows, we used analysis of covariance (ANCOVA), adjusting for possible effects of family, age and the interaction between diet and family; for these analyses, significance was based on Type III sums of squares. Tests for differences among tissues for each species, or dif- ferences among species for each tissue, were performed using one-way (factor) analysis of variance (ANOVA). Tukey' s multiple comparison procedure was used to test for differences between specific tissues or species. All analyses were performed on the Statistical Analysis System (SAS Inst. 1985). (Table l) , tissues of captive-raised chickens, quail and gulls were generally more enriched in 13C and 15N (Table  2) . In all cases, 6% values for collagen were more enriched than other tissues. Diet-tissue fractionation factors differed significantly among species (Table 2) Interaction between diet and family indicated that the influence of diet on growth varied among families. For example, crows from one family (Fig. 1 a) showed similar patterns of mass change, whereas, in the other families (Figs. lb-d We found that, at least for adult falcons, age did not influence stable-carbon or nitrogen isounderwent normal growth on a fish diet. We suggest that these differences are due to the effects of nutritional stress and not simply diet. Our confidence in this hypothesis has been strengthened recently by the results of a study of quail raised on the same diet but with different levels of nutritional stress during growth (Hobson and Clark, unpubl. data). During periods of nutritional stress proteins may be mobilized from tissues for use elsewhere in the body (e.g., Swick and Benevenga 1977) . This process of mobilization and deposition of proteins may result in additional isotopic fractionation favoring the heavier isotope of nitrogen. Such an effect would be consistent with our observation that bone collagen underwent the greatest isotopic enrichment if bone growth was favored at the expense of other tissues such as pectoral muscle. This appeared to be the case in our study since crows showing decreases in mass showed no decrease in growth of other (bone) measurements (Hobson and Clark, unpubl. data). Nitrogen-15 enrichment has similarly been found in the bone collagen of mammals that experience water stress and it is suspected that this is the result of the retention of enriched, unexcreted nitrogen that is available for the synthesis of this protein (Heaton et al. 1986, Ambrose and DeNiro 1987). Crows fed the plant diet during growth may have experienced some water stress but, since similar 15N enrichment effects were observed in nutritionally stressed quail that had unlimited access to water (Hobson and Clark, unpubl. data), water stress alone cannot explain our findings for crows.
RESULTS

Relative to the dietary values
An alternative explanation for the observed 15N enrichment in the tissues of stressed crows involves possible changes in the amino acid compositions of crow tissues. Since differential hydrolysis of amino acids occurs during periods of stress (Felig 1975 ) the amino acid profiles of the tissues of stressed birds may differ from those of unstressed birds. This might result in further differences in the stable-isotope concentrations of tissues between these groups because individual amino acids differ in their stable isotopic signatures (Macko et al. 1983) . topic fractionation values between diet and blood or feathers.
CAPTIVE VS. FIELD STUDIES EFFECTS OF NUTRITIONAL STRESS
Relative to diet, PC values of the tissues of captive birds showed much higher variability than Crows that lost body mass and grew relatively 615N values (Table 2) . We have no explanation poorly on a plant diet showed tissue 615N values for this, particularly since we removed lipids from that were highly enriched compared to birds that all samples prior to isotopic analysis and because diet and isotopic analysis techniques were relatively minor sources of variance. In contrast to our laboratory study, isotopic investigations of wild animals have often shown narrower isotopic distributions despite the potential for variation in diets among individuals. Hobson and Schwartz (1985) elucidate the range of isotopic fractionation factors occurring between diet and avian tissues. In particular, in cases where it can be demonstrated that birds have been raised on an isotopically constant diet, the isotopic analyses of tissues of birds raised in captivity for several years would be extremely valuable. Such studies are required to see if fractionation values determined for juvenile birds are applicable to adults. Another useful approach to establishing tissue fractionation values in adult birds would be to measure isotope concentrations in those wild species whose diet remains isotopically constant over time. In this regard, tissues of non-migratory dietary specialists and their prey would be particularly valuable.
